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ARTICLE INFO ABSTRACT 

Article history: This study aimed to characterize the thermophilic fungi in pile-fermentation process of Pu-erh tea. Physicochemical 
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fumigatus, Rhizomucor pusillus, Rasamsonia byssochlamydoides, Rasamsonia cylindrospora, Aspergillus tubingensis, 
Aspergillus niger, Candida tropicalis and Fusarium graminearum were isolated as thermophilic fungi under combina- 
tion of high temperature and acid culture conditions from Pu-erh tea pile-fermentation. The fungal communities 
were analyzed by PCR-DGGE. Results revealed that those fungi are closely related to Debaryomyces hansenii, 
Cladosporium cladosporioides, A. tubingensis, R. emersonii, R. pusillus, A. fumigatus and A. niger, and the last four 
presented as dominant species in the pile process. These four preponderant thermophilic fungi reached the 
order of magnitude of 10’, 10’, 10” and 10° copies/g dry tea, respectively, measured by real-time quantitative 
PCR (q-PCR). The results indicate that the thermophilic fungi play an important role in Pu-erh tea pile fermentation. 
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1. Introduction 


Pu-erh tea is a unique full-fermented tea, which is primarily 
manufactured in Yunnan province, China. It possesses reddish to 
brownish red or with gray appearance, thick and bright red infusion 
color, bittersweet taste and a unique moldy odor which becomes 
more prominent as the fermentation continues and the leaves age 
(Zhou et al., 2004). Pu-erh tea has been traded on the Tea Horse Road 
from Yunnan to the Tibetan Plateau and Southeast regions of Asia for 
thousands of years (Yang, 2009). Today, in addition to being a favorite 
drink for residents in China and Southeast Asia, it has also been exported 
to Japan, USA, Britain and other countries. Recent studies have demon- 
strated multifaceted benefits of Pu-erh tea as a functional beverage 
including anti-oxidative (Duh et al., 2010; Fan et al., 2013), anti- 
mutagenic (Wu et al., 2007), antibacterial (Wu et al., 2007; Hu et al., 
2010), antiviral (Pei et al., 2011; Huang et al., 2012), anti-tumor (Zhao 
et al., 2011), cholesterol-lowering (Peng et al., 2013), anti-obesity 
(Oi et al., 2012), hypoglycemic (Du et al., 2012) and anti-allergic 
(Yamazaki et al., 2012) activities. 

The raw material of Pu-erh tea is made from the leaves and buds 
of a broad-leaf variety of the tea plant (Camellia sinensis var. assamica 
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(L.) O. Kuntze; Theaceae) by heating, rolling and drying, similar to the 
manufacture of green tea. In the past, large batches of Pu-erh tea were 
transported for months on horseback to Tibet and other remote destina- 
tions. The tea matured continuously along the way. From the 1970s, 
most Pu-erh tea goes through a high temperature pile-fermentation 
in order to hasten aging. It is reported that very complex changes 
take place to form its unique black tea quality due to microbial thermo- 
genesis combined with microbial metabolism, natural oxidation and 
extracellular enzyme activities (Xu et al., 2005; Ahmed and Stepp, 
2013; Lv et al., 2013). It is believed that fungi play a decisive role in 
the formation of the tea characteristics such as the unique musty flavor 
in the production process (Zhao et al., 2013a). 

In order to reveal the complex fungal communities and their impact 
on the quality of Pu-erh tea, some researchers investigated commercial 
Pu-erh tea products. Zhao et al. (2010) investigated 60 samples of 
Pu-erh tea and concluded that the predominant fungi were yeast and 
different species of genus Aspergillus, followed by Penicillium. In addi- 
tion, Haas et al. (2013) reported fungi such as Aspergillus, Penicillium, 
Rhizomucor, Mucor, Cladosporium and Eurotium species from 36 Pu-erh 
tea samples. A. niger was believed to be the dominant fungus contribut- 
ing to the quality of production (Abe et al., 2008; Chen et al., 2009). 
However, unlike room temperature and low moisture content of 
the commercial product, Pu-erh tea pile-fermentation is a high temper- 
ature and high moisture production process. It may have significantly 
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different thermophilic fungal communities compared with commercial 
products. Publications of microorganism profiles during the pile- 
fermentation process are limited. Xu et al. (2005) and Abe et al. 
(2008) isolated A. niger and Blastobotrys adeninivorans from pile- 
fermentation Pu-erh tea samples incubated at 25 and 30 °C respectively. 

In 1993, Muyzer et al. (1993) were the first to use polymerase chain 
reaction —denaturing gradient gel electrophoresis (PCR-DGGE) method 
to analyze complex microbial communities. Since then this culture- 
independent technique has been widely applied to the study of micro- 
bial communities of fermenting food, including tea. Abe et al. (2008) 
confirmed the existence of A. niger and B. adeninivorans detected by 
PCR-DGGE. Tian et al. (2013) also used PCR-DGGE to with a culture- 
dependent method to draw the same conclusion that yeast, Aspergillus 
sp. and Penicillium sp. were the dominant fungi in different aged 
Pu-erh tea. 

A comprehensive research of fungal communities during the fer- 
mentation may help clarify the mechanism of how the sensory quality 
of Pu-erh tea develops. In this work, the whole fermentation process 
of Pu-erh tea has been studied. Thermophilic fungi emerging in the 
process were analyzed by both culture-dependent dilution plating of 
high temperature and culture-independent PCR-DGGE and real-time 
quantitative PCR (q-PCR) to determine their diversity and dynamics. 


2. Materials and methods 
2.1. Manufacture process of Pu-erh tea 


The batch of Pu-erh tea fermentation for this study was manufactured 
in the Demonstration Plant of Pu'er Tea, Institute of Pu-erh Tea, Pu-Er city 
of Yunnan province from September 15 to November 2, 2012. A total of 
five tons tea leaves harvested from the Tea Seed Manipulation Farm, 
Pu'er city, were used in this pile-fermentation process. Tea leaves were 
first passed transiently through a semi-automatic rotary kiln to remove 
moisture and inactivate the enzymes in the fresh leaves. Then the leaves 
were rolled to soften leaves and buds. Rolled leaves were then spread 
and dried in the sunlight to obtain the raw material. Blends of the 
materials were first wet with water to reach an average water content 
of 45% and piled to about one meter height to start the fermentation. 
During the fermentation, periodic turning over was carried out on Sep. 
23, Sep. 30, Oct. 11, Oct. 20 and Oct. 29 in order to improve homogeneity 
and avoid overheating. At the end of the fermentation, a kind of dry 
method called “Tonggou” was used to reduce the water content of the 
tea to avoid over-fermenting. All processes were performed in accordance 
with traditional method by skilled workers. 


2.2. Sampling and physicochemical characterization 


Pile-fermentation was carried out for approximately 49 days, 
and aseptic sampling was performed at 8:00 am each day from five 
representative points of the bulk. Sampling points were distanced 
from the edge of the bulk one meter or more, and were not repeated 
at the same place. The obtained samples (total about 1.0-1.5 kg wet) 
were mixed evenly and packaged in sterile self-sealing bags. The 
temperature, humidity of the workshop and pile temperature were 
recorded each day at 8:00, 11:30 and 17:30. The water content of the 
leaf samples (about 100 g) was calculated after drying at 103 °C for 
5 h. Tea sample of 1 g was added to 5 mL of distilled water, stirred 
with a glass rod and pH was measured with a precision pH meter. 


2.3. Isolation and identification of fungi 


YPD agar (10 g yeast extract, 20 g peptone, 20 g glucose, 15 g agar, 
L~1; pH 5.0) was used as basic culture medium. Fermenting tea leaves 
(10 g) were suspended in 90 mL of sterile water and homogenized in 
a bagmixer for 3 min. Then 10°, 10, and 10°-fold dilutions of the 


homogenized suspension were spread onto agar plates and incubated 
at 50, 55 or 60 °C, respectively. 

The purified fungi isolates were identified by sequencing analysis 
of the ITS region fragment of rRNA gene. The primers used for the 
amplification were ITS1F and ITS4 (Table $1), and PCR amplification 
was performed using KOD Fx (TOYOBO, Osaka, Japan). Fungus PCR 
system and condition for the amplification were the same as those 
used for PCR-DGGE analysis. The DNA sequencing was accomplished 
by Shanghai Sangon Biological Engineering Technology and Service 
Co. Ltd., China. 


2.4. DNA extraction of tea samples 


A tea sample of 10 g was put into a sterile bag, 90 mL sterilized 0.8% 
Tween buffer added, then beaten for 3 min to obtain the microorganism 
suspension. A1 mL aliquot of the suspension was transferred into a 2 mL 
microcentrifuge tube, briefly centrifuged at 12,000 rpm for 2 min to 
recover the microbes as a pellet. DNA extraction from the pellet was 
conducted using Dneasy plant Mini Kit (QIAGEN GmbH, Germany) 
according to the manufacturer's instruction with minor modifications 
in speed and time for centrifugation (which were slightly increased). 


2.5. PCR amplification of ITS region for DGGE analysis 


The extracted DNA was subject to amplification of the ITS region. 
The primers used in this study for DGGE analysis are ITS1F-GC and 
ITS4 (Table S1), synthesized by Sunbiotech Co., Ltd. (Beijing, China). 
The PCR reactions were performed using a MyCycler thermal cycler 
(Bio-Rad, Hercules, CA, USA). Amplifications were carried out in a 
final volume of 50 uL, containing 2.5 uL of template, 25 pL of the 
2x PCR buffer, 10 uL of dNTP mixture (2 mM), 1 pL of KOD Fx 
(TOYOBO, Osaka, Japan) (1.0 U/pL), 0.75 pL each primer (20 pmol/L) 
and 10 ul of sterilized distilled water. All PCR reactions were as follows: 
initial denaturation at 94 °C for 5 min, followed by 30 cycles of denatur- 
ation at 98 °C for 10s, annealing at 50 °C for 30 s, and extension at 68 °C 
for 2 min. DGGE analysis of the amplification products was equipped 
with a DCode Universal Mutation Detection System (Bio-Rad, Hercules, 
CA, USA). PCR products (30 pl each) were supplied in polyacrylamide 
gel (8% w/v acrylamide-bisacrylamide at 37.5:1) using a denaturing 
gradient from 30% to 60% urea-formamide (100% corresponding to 
7 M urea and 40% w/v deliomized formamide), increasing in the direc- 
tion of the electrophoretic run. The electrophoretic run was carried out 
at a constant temperature of 60 °C in 1.0 Tris-acetate-EDTA (TAE) at 
180 V for 5.5 h. 


2.6. Quantification of dominant species by q-PCR 


Aspergillus fumigatus, Rhizomucor pusillus, A. niger, and Rasamsonia 
emersonii were selected for quantification by real-time quantitative 
PCR. The primers of each species for q-PCR assay were designed 
and listed in Table $1. Amplification and detection of DNA by 
q-PCR were performed with the ABI 7500 Real-Time PCR Systems 
(Applied Biosystems). The PCR reaction was performed in a total 
volume of 20 wL using the UltraSYBR Mixture with Rox (CWbio. 
Co. Ltd. Beijing, China), containing 10 uL of 2 x UltraSYBR Mixture, 
0.4 ul of each of the primers (10 uM), 2 pL of template DNA 
and H,0. UltraSYBR was used as a fluorescent dye, which could 
quantify thermal denaturation accompanying software to perform 
melting curves (Gonzalez and Saiz-Jimenez, 2005; Huang et al., 
2014). Gene copy numbers were determined according to a standard 
curve as described previously (Ye et al., 2011; Jamal et al., 2012). 
The standard curve was obtained by gradient plasmid dilutions of a 
quantitative plasmid DNA. 
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3. Results 
3.1. Characterization of fermentation process 


The temperature of the pile increased rapidly to 45 °C on the second 
day and maintained around 50-65 °C until close to the end of the 
fermentation. The suspension pH of tea leaves was between 4.5 and 
6.0. The pH value of dry raw material was pH 5.4, and rose to pH 5.5 
after wetting with water. At the early phase, pH decreased gradually, 
and decreased to 4.5 at Day 9. From Day 9 to Day 36, pH was maintained 
at about 4.5-5.0 with little fluctuation. At the late phase, pH value began 
to recover, rose to 6.0 at the end. The water content of the raw material 
initially was 8.8%. At the beginning of the process, it was adjusted to 
around 45% to encourage the activity of microorganisms. The water 
content decreased overall from 45% to 10%. 


3.2. Identification of isolated fungus in pile-fermentation 


A large number of fungi were isolated from YPD agar at 50 °C and 
55 °C. After a primary morphological identification, 103 fungi isolates 
were selected to further identification at species level by ITS sequence 
analysis. The identification results and the GenBank accession numbers 
of thermophilic fungi are listed in Table 1. R. pusillus, A. niger, Aspergillus 
tubingensis and A. fumigatus were isolated from almost all samples 
throughout the whole fermentation period. 


3.3. PCR-DGGE analysis 


DGGE was used to detect the fungal diversity in fermenting Pu-erh 
tea by specific separation of the amplified ITS region. The fingerprints 
obtained from the tea leaves during the course of the fermentation 
revealed 7 visible bands (Fig. 1). The band patterns in lanes 1-11 
reflected of samples S1-S11 taken from the pile-fermentation process. 
Lane 1, which represented the raw material adjusting to appropriate 
water content at the beginning of fermentation (S1, day 1), revealed 
six faint bands. Microbial detection of the same period by plate dilution 
culture method also showed small amount of fungi colonies. Lanes 2-11 
represented the fermenting Pu-erh tea samples of S2 (day 2), S3 (day 9, 
first turning over), S4 (day 16, second turning over), S5 (day 20), S6 
(day 27, third turning over), S7 (day 30), S8 (day 36, fourth turning 
over), S9 (day 40), S10 (day 45, fifth turning over), and S11 (day 49, 
the end of the fermentation). 

Bands a-g were excised from the DGGE polyacrylamide gel, 
re-amplified and sequenced. These sequences were put in BLAST 
to search for the phylogenetically closest related fungal species. 
Identification and the GenBank accession numbers of these fungi are 
shown in Table 2. 


Table 1 
Part of identification results of fungi during pile-fermentation. 


Isolates Isolation Closest relative Accession number 


no. temperature 

1 50°C Blastobotrys adeninivorans KP412242 

2 55°C Themomyces lanuginosus KP412243 

3 50°C Rasamsonia emersonii KP412244 

4 50 °C Aspergillus fumigatus KP412245 

5 50 °C Rasamsonia cylindrospora KP412246 

6,7 50°C Aspergillus niger KP412247, KP412248 

8 55°C Rasamsonia emersonii KP412249 

9-11 55°C Rhizomucor pusillus KP412250,KP412251, KP412252 

12,13 55°C Aspergillus tubingensis KP412253, KP412254 

14,15 55°C Candida tropicalis KP412255, KP412256 

16 55°C Rasamsonia KP412257 
byssochlamydoides 

17 55 °C Fusarium graminearum KP412258 
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Fig. 1. DGGE profiles of amplified ITS regions obtained from tea samples. Lanes 1-11 
correspond to samples S1-S11, represented pile-fermentation processed Pu-erh tea. 
DNA fragments of rRNA gene were amplified by PCR and subjected to DGGE analysis. 
Representative bands (indicated a-g) were excised for cloning and sequencing. 


3.4. Quantification of dominant species analysis 


The ITS copies of four selected dominant species obtained by q-PCR 
from the tea samples during the pile-fermentation were amplified 
(Fig. 2). All four species grew rapidly in the initial day (to the second 
day). R. pusillus, R. emersonii and A. fumigatus were found to reach and 
maintained at the level of 10” copies/g dry tea, while A. niger was main- 
tained around 10° copies/g dry tea, up to the 46th day of fermentation. 
After that, all fungi started to decrease. 


4. Discussion 


The present research shows that thermophilic fungi are present 
during the traditional Pu-erh tea pile fermentation process. This study 
comprehensively investigated the microbial development and the dom- 
inant species during Pu-erh tea pile-fermentation using plate-isolation 
and culture-independent methods (PCR-DGGE and q-PCR) for quantita- 
tive and qualitative analyses of dominant thermophilic fungal species. 

We have traced the whole Pu-erh tea fermentation process and 
conducted systematic analysis of physical and chemical indicators 
(temperature, water content and pH). Although there are previous stud- 
ies using traditional methods to culture and identify microorganisms in 


Table 2 
Identities of bands obtained from DGGE analysis of Pu-erh tea fungal community. 
Bands* GenBank accession number _ Closest relative % Identity” 
a KP676884 Aspergillus fumigatus 96 
b KP676885 Rhizomucor pusillus 99 
c KP676886 Aspergillus niger 99 
d KP676887 Debaryomyces hansenii 100 
e KP676888 Aspergillus tubingensis 100 
f KP676889 Rasamsonia emersonii 100 
g KP676890 Cladosporium cladosporioides 99 


* Bands were extracted from the DGGE gel shown in Fig. 1. 
> Percentage of identical nucleotides between the sequences retrieved from the DGGE 
gel and the closest relative found in GenBank. 
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Fig. 2. Based on the real-time PCR test results, according to absolute quantitative 
calculation formula, calculated for the gene copy in four dominate thermophilic fungi 
was calculated and was shown in the graph. ¢, Aspergillus fumigatus; ™, Aspergillus niger; 
A, Rhizomucor pusillus;®@, Rasamsonia emersonii. 


Pu-erh tea (Xu et al., 2005; Abe et al., 2008), the acidic condition and 
fermentation temperature was not considered, which may lead to 
over-estimation for some microorganisms that grow optimally at lower 
temperature (for example 25-37 °C). In our study, a combination of 
high temperature and acid culture condition has been taken into account 
for microbial isolation and identification, in order to accurately obtain 
important thermophilic fungi. R. emersonii, A. fumigatus, R. pusillus, 
A. tubingensis, and A. niger were isolated from all samples during the 
whole pile-fermentation process. Although A. niger grows only to 50 °C, 
the other fungi grow well at 55 °C. We believe that these thermophilic 
or thermotolerant fungi play an important role in the fermentation of 
Pu-erh tea. 

The PCR-DGGE was used to analyze the fungi community structure 
and its change. Bands a-g (Fig. 1) show different brightness in different 
period of fermentation. A. niger, R. pusillus, A. fumigatus A. tubingensis 
and R. emersonii were also detected as the dominant fungi by plate- 
culture. Debaryomyces hansenii (band d) has been reported to grow 
between 4 and 28 °C (Sansone et al., 2007), and it has been isolated 
and identified in this study at 25 °C by plate culture (data not shown), 
which is consistent with previous reports. Cladosporium cladosporioides 
(band g) is an endophyte within tea leaves (Zhang et al., 2011). 

Pu-erh tea pile-fermentation begins with wetting with water 
to reach an average moisture content of 45% at room temperature. 
Aerobic microbes are dominant in the initial stage. The growth of 
aerobic bacteria and their oxidation of tea ingredients makes the 
temperature rise and oxygen levels drop; and oxidative metabolism of 
organic acids decreases the pH to create favorable conditions for fungi 
growth. Then the growth and metabolism of thermophilic fungi 
dominate the fermentation process from the second day. 

It is reported that Aspergillus dominated Pu-erh tea fermentation 
under the normal temperature (Abe et al., 2008; Tian et al., 2013; 
Zhao et al., 2010). In our study, A. tubingensis, A. niger and A. fumigatus 
have also appeared in large numbers in high-temperature plate culture 
and culture-independent PCR-DGGE; and the last two have high 
number of gene copies, which are 10° and 10’ respectively. Our 
study shows that A. niger can thrive at 50 °C, but cannot grow at 
55 °C. This may be the reason that A. niger has lower quantity than 
other three selected fungi which can grow at 55 °C. Many Aspergillus 
sp. are used to process other fermented foods and drinks for their 
properties of producing and secreting a variety of enzymes (including 
a-amylases, glucoamylases, cellulases, pectinases, xylanases and other 
hemicellulases, and proteases) that decompose proteins or lipids 
(Ward et al., 2006). A. niger produces tannase (Shi et al., 2005), which 
is an extracellular enzyme that catalyzes the hydrolysis of ester link of 
the hydrolysable tannins (Aissam et al., 2005). This may be related to 
the formation of the crimson soup of Pu-erh tea. A. fumigatus and 
A. tubingensis have been reported to produce lovastatin (Zhao et al., 
2013b). Lovastatin is regarded as a new type of cholesterol-lowering 


compound. This may be the reason that Pu-erh tea has cholesterol- 
lowering efficacy. 

R. pusillus is an important thermophilic fungus. It can rapidly 
utilize carbon sources, and produce various kinds of enzymes, such 
as 1,4-B-xylosidase, endo-1,4-B-glucanase, phosphatase, a strong 
milk-clotting enzyme, acid proteinase and an alcohol dehydrogenase 
(Zhang et al., 2013). Furthermore, the fungus has also been found to 
grow well on flax stems in which pectin is the sole nutrient source, 
by producing high levels of pectinase activity, low levels of pectin 
methyl esterase activity, and low cellulase and mannase activities 
(Henriksson et al., 1999). Chen et al. (2011) have isolated four 
strains of R. pusillus from pile-fermentation of Pu-erh tea and 
added them into pile-fermentation to observe the effects on the 
fermentation. 

The bands of R. pusillus appeared at high intensity in high tempera- 
ture fermentation periods by DGGE fingerprint and have high gene cop- 
ies of 10’/g dry tea. Therefore, it may be important in high temperature 
fermentation period for accelerating degradation of the cell wall of tea 
leaves and branches, promoting the transformation of free amino 
acids, theaflavins and thearubigins, and the formation of theabrownins. 

R. emersonii, a thermophilic aerobic fungus, is usually found in com- 
post heaps or other rich degradable biomass in natural ecosystems. It 
has never been observed in previous microbiota investigations of 
Pu-erh tea fermentation or its products. R. emersonii is a producer of 
thermally stable enzyme systems including cellulolytic, hemicellulolytic, 
pectinolytic, and amylolytic enzymes, as well as having an array of 
oxidase/oxidoreductase and proteolytic activities (Tuohy et al., 2010). 
The population of this fungus decreased from the middle phase of 
fermentation, which may be a result of decreased oxygen in the pile, 
caused by tea leaves gap decrease, reduction of the biomass, or competi- 
tion of other fungi. This species is thermophilic with optimal growth 
temperature of 40-45 °C (Rosenberg, 1975), and is still very active 
after four weeks at 60 °C (Tuomela et al., 2000). However, it has never 
been observed in previous microbiota investigations of Pu-erh tea, 
perhaps because low temperature of isolation limited its growth. In 
this study, R. emersonii had low concentration (copies of 10°/g dry tea) 
in the early process of fermentation and increased concentration during 
the fermentation process (copies of 107/g dry tea). 

In summary, Pu-erh tea pile-fermentation is a process of microbial 
metabolism combined with natural oxidation and extracellular enzyme 
activities at high temperature and high moisture conditions. Traditional 
fermented Pu-erh tea is usually manufactured by experience, which 
greatly restricts the tea quality assurance and the application of modern 
fermentation technology. Therefore, it is very important to know the 
microbial community structure in Pu-erh tea pile-fermentation, from 
which we can select, maintain and grow potential starter cultures. In 
this study, we obtained important thermophilic microorganisms from 
Pu-erh tea fermentation and monitored their diversity and dynamics. 
More detailed mechanisms of the transformation of tea leaves caused 
by thermophilic fungi should be investigated to provide us with 
more insights. 

Supplementary data to this article can be found online at http://dx. 
doi.org/10.1016/j.ijfoodmicro.2016.03.025. 
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